Certain pathogenic Escherichia coli strains, associated with gastroenteritis or urinary tract infections, elaborate a toxin-like protein named cytotoxic necrotizing factor 1 (CNF1) (3) . CNF1 induces a strong dermonecrotic action in the rabbit after intradermal injection, a high lethality when injected into mice, and the formation of large multinucleated cells in tissue culture (3) . Activity of CNF1 on cultivated cells is due to a remarkable reorganization of the actin cytoskeleton consisting mainly of the accumulation stress fibers (10) . CNF1 stimulates formation of actin stress fibers by permanently activating the GTP-binding protein Rho (11) . The Rho GTP-binding protein belongs to a family of small GTPases involved in actin cytoskeleton reorganization in response to growth factors (17) . This family includes Rho, which, in Swiss 3T3 cells, controls actin stress fiber formation and the assembly of focal adhesion points (32) ; Rac, which regulates actin membrane ruffling (33) ; and Cdc42, which determines formation of filopodia (27) .
After cell membrane translocation, CNF1 deamidates Rho glutamine 63 into glutamic acid (12, 35) . Glutamine 63 is a critical residue involved in the GTP hydrolysis activity of most of the p21 small GTPases (4) . Modification of Rho glutamine 63 into glutamic acid by CNF1 leads to a dominant active form of Rho, inducing prominent actin stress fiber formation (10, 12, 35) . Rho exerts its activity on the actin cytoskeleton by inducing bundling and contractibility of actin microfilaments as follows. Calcium/calmodulin-dependent activation of the myosin 2 light-chain kinase (MLCK), leading to smooth muscle contraction (by association of phosphorylated myosin with actin filaments), is normally rapidly counteracted by the myosin light-chain dephosphorylation mediated by the myosin lightchain phosphatase (MLCP). This mechanism allows smooth muscle relaxation. Rho-GTP activates the Ser/Thr kinase Rho kinase (Rock) (16) , which phosphorylates MLCP, inhibiting the phosphatase activity of this enzyme. Rho activity thus reinforces the calcium-dependent phosphorylation of the myosin light chain, inducing a prolonged smooth muscular contraction (14) .
Nonkeratinizing epithelia occlude paracellular spaces from the epithelial surface by means of tight junctions (or occluding junctions) located at the apical portion of the lateral membrane (21) . The existence of tight junctions in the intestinal epithelium impedes the movement of molecules between the lumen and the basolateral space (19, 21) . The dynamic linkage of occluding junctions to the actin cytoskeleton organization was demonstrated by the fact that treatment of polarized T84 cells with cytochalasin D influenced the paracellular-pathway permeability (18, 22) . In polarized epithelia, the Rho GTPbinding protein regulates filamentous actin organization preferentially at the apical pole of polarized intestinal epithelial cells and thus influences the permeability of tight junctions (28) . Recently, Rho has been shown to control both tight and adherens junctions in MDCK cells (37) and cadherin interactions in keratinocytes (2) . It thus appears that Rho is a pivotal regulatory protein in epithelial cell interactions.
In the alimentary tract, migration of polymorphonuclear leukocytes (PMNs) across epithelial linings is a hallmark of disorders ranging from idiopathic inflammatory bowel disease to bacterial enterocolitis (39) . PMNs stimulated by bacterial chemoattractants transmigrate by the paracellular space through epithelia and enter the luminal space, where they can exert their scavenging activities toward virulent microorganisms. PMNs must force the occluding junction to reach the luminal space (26) . Pathogenic bacteria may have exploited the PMN barrier effect of tight junctions to increase their virulence. Indeed, inhibition of the Rho GTPase by bacterial toxins such as Clostridium difficile toxins A and B is associated with inflammatory bowel diseases such as pseudomembranous colitis (7) .
In this work we present evidence that CNF1 is able to efface intestinal microvilli and to decrease the transepithelial migration of PMNs. This could ultimately lead to proliferation of CNF1-producing E. coli in the luminal space by providing a better nutrient supply to bacteria and by decreasing the number of phagocytic cells that microbial pathogens would encounter.
MATERIALS AND METHODS
Source of CNF1. Highly purified CNF1, used throughout this work, was prepared as described previously (8) .
Tissue culture and electrophysiology. T84 cells (American Type Culture Collection) (passages 65 to 90), a human colonic carcinoma cell line (5), were grown and maintained as confluent monolayers on collagen-coated permeable supports as described previously with detailed modifications (23) . T84 cells were grown as monolayers in a 1:1 mixture of Dulbecco-Vogt modified Eagle's medium and Ham's F-12 medium supplemented with 15 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES) buffer (pH 7.5), 14 mM NaHCO 3 , 40 mg of penicillin per ml, 90 mg of streptomycin per ml, 8 mg of ampicillin per ml, and 5% newborn calf serum. Monolayers were grown on 0.33-cm 2 ring-supported polycarbonate filters (Costar, Cambridge, Mass.) and utilized 6 to 14 days after plating. Steady-state resistance was reached in 4 to 6 days, with variability largely related to cell passage number. Monolayers received one weekly feeding following the initial plating. Confluent monolayers on permeable supports were constructed to permit either apical-to-basolateral migration of PMNs (inserts) or basolateral-to-apical migration of PMNs (inverted inserts) as previously described (15, 23) .
To assess currents, transepithelial potentials, and resistances, a commercial voltage clamp (Bioengineering Department, University of Iowa) was employed and interfaced with an equilibrated pair of calomel electrodes submerged in saturated KCl along with a pair of Ag-AgCl electrodes submerged in Hanks' balanced salt solution (HBSS). Agar bridges were used to interface the electrode with the solutions on either side of the monolayers (one calomel and one Ag-AgCl electrode in each well), and measurements of short-circuit current (Isc) and resistance were made as detailed elsewhere (15, 23) . Isc and transepithelial resistance were monitored during the period of PMN transmigration.
Preparation of human PMNs. PMNs were isolated from whole blood by using a gelatin-sedimentation technique (23) . Briefly, whole blood, anticoagulated with citrate-dextrose, was centrifuged at 300 ϫ g for 20 min at 20°C. The plasma and buffy coat were removed, and the gelatin-cell mixture was incubated at 37°C for 30 min to eliminate contaminating erythrocytes. Residual erythrocytes were then lysed with isotonic ammonium chloride. After being washed in HBSS without Ca 2ϩ or Mg 2ϩ , the cells were counted and resuspended at 5 ϫ 10 7 PMNs/ml. PMNs (95% pure) with 98% viability (estimated by dye exclusion) were used for experiments within 1 h after isolation.
PMN transmigration assay. PMN transmigration experiments were performed at 37°C on 0.33-cm 2 inserts or inverts with human PMNs isolated as described above. For transmigration experiments PMNs were added at final concentrations of 2 ϫ 10 6 and 1 ϫ 10 6 for the apical-to-basolateral direction (inserts) and the basolateral-to-apical direction (inverts), respectively. Transmigration of PMNs was initiated by applying either 1.0 M (inserts) or 0.1 M (inverts) N-formyl-Met-Leu-Phe to the lower reservoir for 15 min to allow a transepithelial chemotactic gradient prior to the addition of PMNs. These gradients ensured that roughly equivalent numbers of PMNs migrated across inserts and inverts (23) . Transepithelial resistances and Iscs were then monitored over the 120-min course of transmigration.
Transmigration of PMNs was assayed by quantification of the azurophil granule marker myeloperoxidase as previously described (23) . Briefly, after transmigration, T84 monolayers were rapidly cooled to 4°C, washed with HBSS and solubilized in 0.5% Triton X-100-containing HBSS. The pH was adjusted to 4.2 with 0.1 M Na citrate (pH 4.2), and myeloperoxidase activity was assayed by the addition of an equal volume of 1 mM 2.2Ј-azino-di-(3-ethyl)dithiazoline sulfonic acid and 10 mM H 2 O 2 in 100 mM citrate buffer (pH 4.2). To quantitate PMNs which transmigrated through the monolayer into the lower reservoir, 10% Triton X-100 was added directly to the reservoir and assayed as described above. Color development was quantitated on a microtiter plate reader at 405 nm.
Incubation of T84 monolayers or PMNs with CNF1 and agonist stimulation. T84 monolayers were incubated at 37°C with 10 Ϫ10 M CNF1 in culture medium for 16 h under sterile conditions. CNF1-incubated monolayers were kept at 37°C and washed three times with warm HBSS before PMN transmigration experiments were performed. Experiments involving the response of CNF1-treated monolayers were conducted with 10 M forskolin in HBSS or 100 M carbachol in warm HBSS. Peak Isc responses were measured. PMNs were incubated in HBSS for 4 h at 37°C, and subsequently, transmigration of PMNs was initiated. Viability was assessed by trypan blue exclusion.
Immunofluorescence. Fluorescence staining of control and CNF1-treated (10 Ϫ10 M CNF1 for 16 h) T84 monolayers was performed before PMN transmigration. T84 monolayers grown on plastic or permeable filters were rinsed extensively in HBSS and processed for F-actin staining as follows. Cells were fixed with 3.7% paraformaldehyde (in phosphate-buffered saline [PBS], pH 7.4) for 20 min at room temperature and rinsed three times for 5 min each in buffer containing 0.2% gelatin and 0.25% Triton X-100. Cells were then incubated for 45 min in the dark with 500 nM rhodamine-phalloidin diluted in PBS (Molecular Probes, Junction City, Oreg.). Fluorescence staining of ZO-1 was performed for control and CNF1-treated T84 monolayers. Polyclonal antibodies to ZO-1 were purchased from Zymed (San Francisco, Calif.). T84 monolayers were washed in HBSS, fixed in methanol at 0°C for 20 min, and incubated with the primary antibody diluted at 2 g/ml in HBSS containing 0.2% gelatin and 0.075% saponin in a humidified chamber. Monolayers were washed extensively in HBSS and then incubated with fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (Sigma), diluted at 0.5 g/ml, for 60 min. All monolayers were washed five times in HBSS, mounted on glass slides in a phenylenediamine-glycerol-PBS medium, and observed and photographed with an epifluorescence-equipped photomicroscope. Electron microscopy studies. After removal from the inserts, the T84 monolayers were fixed with 2% freshly prepared formaldehyde in 0.1 M Na cacodylate (pH 7.4) for 1 h at 4°C. Monolayers were rinsed in cacodylate buffer, postfixed in 1% OsO 4 for 1 h, dehydrated through graded alcohol solutions, and embedded in epoxy resin. Oriented 1-mm sections were obtained with diamond knives, and multiple areas were thin sectioned, mounted on copper mesh grids, and stained with uranyl acetate and lead citrate. Ultrathin sections were examined on a Jeol 1200 XII electron microscope. The numbers of microvilli seen per epithelial cell were counted in a random section on 20 10 Ϫ10 M CNF1-treated and untreated T84 cells.
Data presentation. Resistance time courses were compared by two-factor analysis of variance. Myeloperoxidase assay data and numbers of microvilli per epithelial cell were compared by Student's t test. Values are expressed as the means and standard errors of the means (SEM) for n experiments.
RESULTS

CNF1 induces reorganization of the T84 cell actin cytoskeleton.
Since it has been shown that CNF1 induces a prominent F-actin reorganization in most cultured cells (10), we tested the effect of this toxin (10 Ϫ10 M for 16 h) on the T84 cell actin cytoskeleton. Formation of actin stress fibers was observed on the basolateral face of CNF1-treated T84 cells compared with control preparations (Fig. 1C and D) . In addition, a disappearance of the punctuate fluorescence corresponding to microvilli, in the control preparation, was observed on the apical surface of CNF1-treated cells (Fig. 1A and B) . Inhibition of Rho activity by the Clostridium botulinum toxin C3 transferase in T84 epithelial cells leads to dissociation of the tight-junctionassociated protein ZO-1 (28) . Treatment of T84 cells with CNF1 did not modify the immunofluorescent pattern of ZO-1 ( Fig. 1E and F) . Together these observations are indicative of a major remodelling of F-actin structures, including disorganization of microvilli at the apical surface and formation of stress fibers at the basolateral face in CNF1-treated cells without tight-junction disruption. Thus, as previously reported (2, 28, 37), Rho plays a major role in the regulation of F-actin organization in polarized epithelial cells.
CNF1 induces effacing of the microvillus structure. Using transmission electron microscopy, we next examined T84 cells after incubation with CNF1 (10 Ϫ10 M for 16 h). CNF1-treated T84 cells exhibited effacing of the brush border compared to untreated preparations ( Fig. 2A and B) . The number of microvilli seen per cell was considerably reduced in CNF1-treated cells in comparison with untreated T84 epithelial cells (10 Ϯ 5 versus 28 Ϯ 9, for treated and untreated cells, respectively [P Ͻ 0.01]). The few microvilli still present on CNF1-treated cells were generally short. Tight junctions appeared to be unaffected in CNF1-treated cells compared with control preparations ( Fig. 2A and B, arrows) . We can conclude from these observations that actin reorganization, induced by CNF1 activation of Rho, affects organization of microfilaments in microvilli.
Incubation of T84 cells with CNF1 does not modify epithelial permeability. T84 cell monolayers were incubated with 10 Ϫ10 M purified CNF1, and transepithelial resistance was CNF1-treated monolayers showed a normal Isc response to cyclic AMP agonist stimulation by forskolin (10 M) and to the Ca 2ϩ agonist carbachol (100 M). Indeed, control values were 45 Ϯ 2.9 and 65.8 Ϯ 3.4 A/cm 2 for forskolin and carbachol, respectively, whereas after incubation of cells with 10 Ϫ10 M CNF1 for 16 h, values of 43.9 Ϯ 2.9 and 67.8 Ϯ 2.7 A/cm 2 were obtained (the differences are not significant) (data not shown).
Incubation of T84 monolayers with CNF1 alters the N-formyl-Met-Leu-Phe-induced PMN transmigration. Incubation of T84 monolayers with 10 Ϫ10 M CNF1 for 16 h significantly reduced the decrease in transepithelial resistance observed with a luminal-to-basolateral-directed PMN transmigration (Fig. 4) . As evident in Fig. 5 , incubation of monolayers with CNF1 (10 Ϫ10 M for 16 h) decreased the efficiency of PMN transmigration as assessed by myeloperoxidase measurement, both in the basolateral-to-luminal (Fig. 5A ) and luminal-tobasolateral (Fig. 5B) directions. Incubation of monolayers with CNF1 decreased the total number of PMNs transmigrating the monolayers into the reservoirs, since 23.4 ϫ 10 4 Ϯ 2.7 ϫ 10 4 PMN cell equivalents were found in control untreated preparations whereas 11.7 ϫ 10 4 Ϯ 1.9 ϫ 10 4 PMN cell equivalents were observed with 10 Ϫ10 M CNF1-treated monolayers after 120 min of PMN migration in the basolateral-to-luminal direction (P Ͻ 0.01) (Fig. 5A) . Parallel experiments with the luminal-to-basolateral direction yielded similar results (14. (Fig. 5B) . In both cases the blocking effect of CNF1 was dose dependent, with more than 50% inhibition at the maximum concentration used (10 Ϫ10 M). Incubation of PMNs with CNF1 does not block PMN migration across epithelial cell monolayers. Some CNF1 molecules, still associated with CNF1-treated T84 cell monolayers after the last washing step terminating toxin incubation, could act directly on PMNs and might modify their intrinsic mobility. To rule out this possibility, PMNs were incubated for 4 h with various concentrations of CNF1 and tested for epithelial transmigration. CNF1-treated PMNs migrated across epithelial monolayers (apically-to-basolaterally directed) similarly to untreated control PMNs (14.7 ϫ 10 4 Ϯ 2.1 ϫ 10 4 versus 12.6 ϫ 10 4 Ϯ 0.6 ϫ 10 4 PMN cell equivalents for control and 10 Ϫ10 M CNF1-treated PMNs, respectively [the differences are not significant]) (Fig. 6 ). CNF1 thus acts on epithelial cells and not directly on PMNs to decrease their transmigration.
DISCUSSION
Transmigration of PMNs across intestinal epithelia involves a series of dynamic interactions between epithelial cells and PMNs. Although emphasis on such interactions has largely focused on PMNs (29, 30) , it is now becoming increasingly clear that epithelial cells are far from passive participants in this process (15) . In this study we showed that the toxin CNF1, a virulence factor produced by some pathogenic E. coli strains, might decrease the transepithelial migration of PMNs through remodelling of the cell actin cytoskeleton without affecting tight-junction permeability. VOL. 66, 1998 CNF1 AND NEUTROPHIL TRANSEPITHELIAL MIGRATION 2497
As previously described, the basolateral cytoskeletal cortex of intestinal epithelial cells can influence the migration of neutrophils (15) . CNF1 could, by reorganization of the F-actin basolateral cytoskeleton cortex, decrease the number of transmigrated PMNs. However, we have shown that the role of the cytoskeletal cortex in the rate of PMN transmigration is strictly directional and that it did not influence the basolateral-toluminal-directed migration of PMNs (15) . Conversely, CNF1 acts on PMN transmigration in both the nonphysiological and physiological directions.
The Rho GTP-binding protein in T84 intestinal epithelial cells is efficiently ADP-ribosylated by the C. botulinum C3 transferase exoenzyme (28) . ADP-ribosylation of Rho has been shown to result in marked selective effects on apical cytoskeletal F-actin, enhanced tight-junction permeability, perijunctional ring loss, and ZO-1 displacement from tight junctions to cytosol (28, 37) The regulatory influences of Rho thus might have functional consequences on epithelial barrier function.
C. difficile toxins A and B monoglycosylate a threonine residue present in the effector domain of the Rho GTP-binding protein (7) . Glycosylation of Rho inactivates the protein by inhibiting the active Rho-GTP protein from binding its effector(s). Toxin A-or B-induced Rho inactivation provokes the reorganization of microfilaments in epithelial cells, which is followed by a drop in epithelium resistance (25) and later by massive accumulation of PMNs in the intestinal lumen (7, 31) . Conversely, CNF1 induces a covalent modification of Rho, which maintains the small GTP-binding protein in an activated state promoting formation of actin stress fibers in the cell. Rho bound to GTP induces activation of Rock, which induces phosphorylation of MLCP, resulting in inhibition of this enzyme from dephosphorylating myosin light chains. This leads to the prolonged activity of the calcium/calmodulin-dependent MLCK, inducing smooth muscle contraction (16) . By this mechanism Rho potentiates the Ca 2ϩ -induced phosphorylation of myosin light chains, resulting in the prolonged contraction of smooth muscles (14, 36) . This mechanism might account for the regulatory influence exerted by Rho, activated by CNF1 through deamidation of glutamine 63, on the paracellular-pathway permeability to PMNs.
CNF1-treated T84 monolayers demonstrated a marked loss of apical microvilli. Effacement of the intestinal brush border has also been observed when enteropathogenic strains of E. coli colonize intestinal epithelia, providing an important mechanism of bacterial pathogenesis (6, 13) .
By activating the Rho GTP-binding protein, CNF1 might provide several advantages to the colonizing bacteria. For instance, it could reduce, by reducing the ability of PMNs to cross the paracellular pathway, the number of neutrophils entering the lumen, where CNF1-producing bacteria are attached and growing. Also, by effacing microvilli CNF1 would make a flat apical surface of intestinal cells, allowing (i) better adher- ence and (ii) a better supply of nutrients to bacteria by having reduced the activity of microvillar absorption. By triggering membrane folding, as already reported for the invasive bacterium Shigella flexneri (1, 38) , CNF1 could promote bacterial cell invasion, allowing microbes to replicate intracellularly and/or to transcytose to the blood (8) . However, CNF1 has been found only associated with the bacterial cytosol and is not secreted by E. coli in culture (3, 8) . The CNF1 gene neither shows an amino-terminal signal sequence for its release in the external medium by the Sec-dependent general pathway of secretion (secretion type II) (34) nor is organized in an ABC transporter operon like that involved in the secretion of the ␣ hemolysin by E. coli (secretion type I) (34) . How can a cytosolic bacterial protein such as CNF1 affect eukaryotic cells? Certain virulence factors from gram-negative bacteria, such as the invasion proteins from Shigella (Ipa proteins), Yersinia (Yop proteins), or Salmonella (Inv proteins), are secreted by a mechanism triggered by cell contact named the type III secretion system (9, 24) . We have shown that CNF1 could, in certain conditions, be massively released from the uropathogenic strain E. coli J96 by cell contact (1a), indicating that CNF1 is probably secreted by E. coli via a type III mechanism.
In conclusion, CNF1, through permanent activation of the Rho GTP-binding protein, may be a virulence factor exerting new mechanisms of pathogenicity. 
